One-and two-dimensional 1 H nuclear magnetic resonance ( 1 H NMR) spectra were measured in order to estimate the dissociation constants (K diss ) and molecular geometries of cyclodextrin (CD) with three organic isothiocyanates (ITC), allyl-ITC, 3-butenyl-ITC, and 4-pentenyl-ITC, in an aqueous solution (pH 5.0, I c ¼ 0:75 M). In every ITC, the K diss values decreased in the order of -CD > -CD > -CD, and the three rod-like linear molecules of ITCs were accommodated with the best fit into the smallest cavity of -CD. By rotating-frame nuclear Overhauser enhancement spectroscopy, cross peaks were found between the H-3 of -CD and the H-1 of AITC. From the result, the molecular geometry of -CD-AITC complex presume that the isothiocyanate group of AITC is located some where around the wideing rim and a hydrophobic allyl group is included within the hydrophobic cavity of -CD.
Organic isothiocyanates (ITCs) such as allyl (AITC), 3-butenyl (BITC), and 4-pentenyl isothiocyanates (PITC), are major flavor components contained in the seeds, roots, and leaves of Cruciferae and/or Brassica family plants. Among them, AITC is the most common ITC, found in Wasabi (Wasabia japonica Matsum) and black mustard (Brassica nigra L.). The ITCs are very labile and easily decompose in aqueous solutions. 1) We have reported in a previous paper 2) that the decomposition of AITC is retarded by inclusion complexation within the cavities of -(-CD) and -cyclodextrins (-CD). This work described here deals with a retarding effect of -, -, and -CDs on the decomposition of these three popular ITCs in an aqueous solution (pH 5.0, I c ¼ 0:75 M). An effect of CDs on the decomposition of BITC and PITC has never reported. Furthermore, oneand two-dimensional 1 H NMR spectra were measured in order to estimate the dissociation constants and molecular geometries of CD complexes with these ITCs in an aqueous solution.
Materials and Methods
Materials. AITC, BITC, and PITC were of reagent grade and supplied by Tokyo Kasei Kogyo Co., Ltd. Reagent grade -CD and -CD were purchased from Wako Pure Chemical Industries Ltd., and -CD was purchased from Nacalai Tesque Inc. Reagent grade deuterium oxide, dimetyl-d 6 -sulfoxide (DMSO), and tetramethylsilane (TMS) used for NMR spectroscopy were purchased from Merck Co., Ltd. All the other chemicals used were of analytical quality.
Measurements of decomposition rate constants. The rate constants (k obsd ) for the decomposition of ITCs in an aqueous solution (pH 5.0, I c ¼ 0:75 M) at 25 C were measured by the previously described method.
2) The amounts of ITCs in an aqueous solution in the absence and presence of CDs (5 mM) were measured by gas chromatography against time, and the k obsd values were calculated on the basis of the equation for the pseudo first-order reaction.
2)
Calculation of dissociation constants for inclusion complexes. The dissociation constants (K diss ) for CDITCs complexes were calculated by analyzing changes in the 1 H NMR chemical shifts of ITCs induced by complexation with CDs.
3) The spectra were recorded with JEOL JNM-EX270 spectrometer (270 MHz) at 25 C, using TMS as an external reference. 5) Changes in chemical shift of the ITC proton signals were measured as a function of the CD concentration. The concentrations of AITC, BITC, and PITC were held constant at 5, 2.5, and 2.5 mM, respectively, and the concentrations of -and -CD were varied between 0-50 and 0-20 mM, respectively. The data were analyzed according to the modified Benesi-Hildebrand equation 6) derived for 1:1 complexation. This equation is represented by eq. (1): Host-guest geometry in a CD-ITC inclusion complex. In order to analyze the molecular geometry of ITCs in the CD cavity, the phase-sensitive ROESY (rotatingframe nuclear Overhausuer enhancement spectroscopy) spectra were acquired by means of a JEOL JNM-A400 FT NMR spectrometer (400 MHz) with a mixing time of 500 ms and 512 Â 256 data points, followed by zerofilling. Sample solutions were prepared by dissolving ITCs in 7:1 (v/v) D 2 O-DMSO. The concentrations of AITC, BITC, and PITC were fixed at 5.0, 2.5, and 2.5 mM, respectively, and equimolar amount of CD was added to these solutions. TMS was used as an external reference.
Results and Discussion
Decomposition rate constants of ITCs and the retarding effect of CD on the decomposition of ITCs in an aqueous solution
The decomposition rate constant of AITC and retarding effects of -and -CDs on the decomposition of AITC in an aqueous solution have been reported in a previous paper.
2) However, the decompositions of BITC and PITC in an aqueous solution have never been examined. Then, the k obsd values for ITCs were measured in the absence and presence of -, -and -CD (5 mM). The results were summarized in Table 1 . In the absence of CD, the k obsd values decreased in the order of AITC > BITC > PITC. That is to say, these ITCs decreased in reactivity with increasing molecular weight. For each CD-ITC system, the k obsd value decreased with increasing CD concentration, indicating that the ITCs were stabilized by inclusion within the CD cavity in an aqueous solution. The retarding effect of CDs decreased in the order of -CD > -CD > -CD for every ITC system.
Measurement of dissociation constants for CD-ITC complexes
NMR spectroscopy is one of the most useful techniques for studying CD inclusion complexes in solution.
3) The 1 H NMR spectra (270 MHz) of -CD without and with AITC, as well as those of AITC without and with -CD, at 25 C and pD 7.0 are illustrated in Fig. 1 . The signals in Fig. 1 were assigned on the basis of literature. [6] [7] [8] It is noteworthy that the signals due to H-3 and H-5 of -CD appreciably shifted to higher and lower fields, respectively, with the addition of AITC. It is known that the H-3 and H-5 of -CD are located inside the cavity, and their chemical shifts are most likely to be influenced by the guest compound that is trapped inside the cavity. 9) Thus, it is evident that AITC is included within the -CD cavity. On the other hand, all the protons of AITC were deshielded upon the addition of -CD. The change (Á) of the chemical shift of the H-3 of AITC with the addition of -CD was numerically analyzed on the basis of eq. (1) to give a K diss value for a -CD-AITC complex. The plot of C 0 =Á vs. ðC 0 þ S 0 Þ gave a good straight line as shown in Fig. 2 , and the K diss value was obtained from the slop and the intercept of the line. The K diss values for the other CD-ITC systems were also obtained in a similar manner (Table 2) . In every ITC, the K diss values decreased in the order of -CD > -CD > -CD. The internal diameters of the -, -, and -CD cavities are 4.5, 7.0, and 8.5 # A, respectively.
10)
Thus, it is evident that the rod-like linear molecules of ITCs are accommodated with the best fit into the smallest cavity of -CD. It has been reported in our previous paper 2) that van der Waals interactions play a primary role in the stabilization of an inclusion complex of -CD with AITC. On the other hand, the K diss values for -CD-ITC systems increased in the order of PITC < BITC < AITC, whereas those for -CD-ITC systems were virtually the same within experimental error. This fact suggests that the contribution of van der Waals interactions between -CD and ITCs to complexation is so large that the stabilities of the complexes increase with increasing molecular sizes of ITCs, whereas the contribution of van der Waals interactions between -CD and ITCs is less than that between -CD and ITCs.
The host-guest geometry in CD-ITC inclusion complexes by NMR spectroscopy NMR spectroscopy provides useful information on the geometry of CD complexes in solution. 7, 8) Especially, rotating-frame nuclear Overhauser enhancement spectroscopy (ROESY) is an excellent method to observe nuclear Overhauser effects (NOE) of such samples with molecular weights of 800-1000 as -CD complexes. 11, 12) Thus, we recorded ROESY spectra of -CD-ITC complexes in 7:1 (v/v) D 2 O-DMSO solution at pD 7 and 25 C. Cross peaks were found between the H-3 of -CD and the H-1 of AITC, as shown by an arrow in Fig. 3 , indicating that the two protons are located close to each other (within 3.5 # A
13)
). The result allows us to presume two possible geometries of a -CD-AITC inclusion complex as illustrated in Fig. 4 . However, it has been shown in our previous article 14) that the reaction site (the isothiocyanate group) of AITC is located around the wider rim of -CD where the secondary hydroxyl groups are aligned. Thus, the model of Scheme 1 will be less probable, since the isothiocyanate group is included within the -CD cavity and far from the wider rim of -CD. On the other hand, the model of Scheme 2 is more probable, since the isothiocyanate group is located around the wider rim and the hydrophobic allyl group is included within the hydrophobic cavity of -CD. The reaction site of AITC will be protected from the nucleophilic attack of water and/or OH À by the steric hindrance of the -CD torus. A similar ROESY spectrum was recorded for -CD-AITC complex, but no clear cross peak due to hostguest intermolecular NOE was observed. However, it has been shown in our previous paper 14) that the isothiocyanate group of AITC complexed with -CD is located around the secondary hydroxyl groups of -CD. Thus, the geometry of a -CD-AITC complex will be almost the same as that observed for a -CD-AITC complex. Furthermore, ROESY spectra were also recorded for -CD complexes with BITC and PITC, cates that the hydrophobic alkenyl groups of BITC and PITC are included within the -CD cavity, similarly to a -CD-AITC complex. Then, the suppression mechanism by CD in the decomposition of BITC and PITC will be almost the same as that in a CD-AITC system.
